In this study, two approaches to investigating the process cooling of a heated sphere were performed using air as well as air/water mist two-phase flow. Steady-state and unsteady heat transfer analysis were compared in the terms of the average surface temperature and heat transfer rate between the sphere surfaces and the cooling fluid. When the Bi<0.1, the temperature variation inside sphere can be neglected and the wildly known lumped capacitance model can be applied to estimate the heat transfer coefficient by measuring the sphere surface temperature. The effect of the different factors such as the inlet Re numbers, surface temperature and water mist rate on heat transfer characteristics are examined. The experimental results showed that the presence of water mist leads to a significant increase in heat transfer rate over the use of air coolant alone. Also, the unsteady thermal behaviors of the water mist impingement on the heated surface and dynamicstate of cooling process changing over the sphere surface were analyzed experimentally based on the unsteady surface temperature measurements. The experimental results of the unsteady heat transfer were compared to the results obtained from steady-state estimation under the corresponding surface temperature of the sphere. Moreover, the new proposed empirical correlation for the Nusselt number based on the present experimental data are given for practical uses. Results reasonably agree well within ±3.8%.
Introduction
Owing to the growing need in many thermal and practical applications for using an extremely effective cooling technique, advanced cooling techniques are required to meet the operating conditions and developing more compact and efficient heat exchanger systems. The air cooling techniques in its current form are not sufficient to dissipate the heat loads in such systems. Water cooling techniques are also employed, which offers excellent thermal performance, compared to air cooling. However, several critical problems occur during water cooling such as the requirement of pumping power, a large quantity of water required, storage problem, and the formation of water film of the quenched surface [1, 2] . Using air/water mist with no higher than several percent of the water phase provides an excellent technique of heat transfer intensification with a significant reduction in size and weight of heat exchanger modules. The application of air/water mist technique is done by injecting a very fine water droplet into air main flow. Applied air/water mist to dissipate heat offers significant potential for high-heat-flux thermal management due to the high thermal properties of air/water mist mixture relative to air alone. The main features of air/water mist cooling compared to single-phase cooling can be summarized as follows: a large amount of energy is absorbed in the form of latent heat through the evaporation process of water mist at the heated surface, increase specific heat of mixture, increase the turbulence in airside and inside the thermal boundary layer [3] . Air/water mist cooling has been developed as an effective technique for heat transfer intensification of many industrial applications by numerous authors [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , through both numerical and experimental works. A computational model has been developed, and heat and mass transfer in a turbulent and laminar air/water droplet flow were numerically studied by Terekhov et al. [4, 5] . They pointed out that as the mass rate of water phase increased, heat and mass transfer intensification increased with a corresponding rise in the heat spent on the heat transfer due to the phase transition (droplet evaporation). Li et al. [6, 7] performed a series of numerical simulations to investigate the air/water mist cooling in modern gas turbines. They showed that a small amount of water mist could increase cooling effectiveness by about 30-50% under a range of temperature, velocity, and pressure conditions. They also reported the impacts of several flow parameters, water phase mass rate and injection hole configuration on the cooling effectiveness. Dhanasekaran et al. [8] numerically and experimentally studied the single-phase as well as air/water mist two-phase flow with smooth and ribbed channels. The obtained results indicated that the mist cooling enhancement is about 30% with 2% water mist injection at the trailing surface and about 20% at the leading surface. In the second passage, 20% enhancement is predicted for both surfaces. Allais et al. [9, 10] experimentally investigated the heat transfer rate from a packed bed using a water mist with 8μm droplets diameter. The experiments were performed in low main flow velocity, low water mass rate and limited ranges of temperature difference. They reported that the thermal enhancement factor increased with increasing water mass rate by about 2.8 times and heat flux increased with increasing main flow velocity. For mist-cooled heat exchanger, Hayashi et al. [11, 12] conducted an experimental investigation of tube bundle heat exchanger a smooth and rough surface structure under steady-state conditions. They pointed out that the heat exchanger performance is sensitive to the water mass rate due to the latent heat of water mist evaporative and the effect of the wet zone extending to the rear part. All these studies have made a great contribution to developing and understanding the heat transfer mechanism. However, the effect of various water mist rates and initial heating temperatures on unsteady heat transfer has not been reported in the literature. In view of this, an experimental investigation to quantify the unsteady heat transfer behavior of a heated spherical element cooled using an air/water mist two-phase flow was performed. The surface temperaturecooling time profile was measured and analyzed. In addition, the lumped capacitance model (LCM) based on the experimental approach was adopted as a heat transfer measurement model. A steady-state heat transfer analysis has also conducted by supplying the constant heat flux on the sphere surface. The influence of water mist rate (j), surface temperature (T s ), and inlet Re numbers on the mechanism of heat transfer were examined.
Theory
When the heated sphere is exposed to an air-water mist flow, unsteady heat conduction occurs inside the sphere, whose temperature decreases with time. For small Biot numbers (Bi), the temperature variation inside the sphere can be assumed spatially uniform and a single temperature (Ts) can be appointed to clarify the time progress of heat transfer between the sphere surface and cooling fluid. Indeed, the temperature variation inside the sphere would depend on the thermal conductivity (k) of the sphere material and the heat transfer rate from the sphere surface to the cooling fluid. Due to the small heat transfer resistance inside sphere compared with the convection heat transfer resistance occurs between the sphere surface and cooling fluid, the temperature variation inside sphere can be neglected and the wildly known lumped capacitance model (LCM) can be applied. Based on this assumption, the heat conduction equation (or global energy balance equation) can be written as: 
T is the higher temperature of the sphere's surface, ,1 si T  is the lower temperature of the sphere's surface,  -time difference between two readings of the data logger. Basically, the lumped capacitance model is appropriate to systems of a Bi number (Bi < 0.1) [13] , where Bi is defined as
Where s  is the thermal conductivity of the sphere, and L is the characteristic dimension of the sphere, defined as the ratio between the sphere volume V s and its total surface area A s . The properties of sphere material as a heat transfer test object are as follows.
-Thermal conductivity:
Under the work conditions, the Bi number is about 0.001 ~ 0.009. Next, a steady-state heat transfer was also performed by supplying the constant heat flux on the sphere surface by using a 100W cartridge heater having tube-shape with 0.031m-length and 0.008m-diameter. The input power was adjusted using a variac voltage regulator so as to achieve the required surface heat flux (12831 Wm -2 ). It can be estimated as Eq. (4), [14] .
Where . el Q is the input electrical power to the test sphere, and . los Q is the heat loss. In the present study, the air, as well as air/water mist used as cooling fluids. The water droplets trajectory can be predicted by applying Newton's second law. The governing equations for the water droplets can be written as: [15]  
.
Where m  is the mass transfer coefficient, h fg is the latent heat of evaporation, D P is the water droplet diameter, A P is the surface area of the droplet. The Reynolds number Re is defined as:
Lang formula was adopted to estimate the water droplet diameter as follow: (9), [16] .
The dimensionless Weber number is defined as (10) 
Experimental set-up and procedure
The experimental set-up is shown schematically in fig. 1 . This set-up enables to investigate the average heat transfer of a sphere placed inside a cylindrical channel in unsteady heat transfer conditions. For steady-state conditions, the experimental test-bench and the test sphere are similar as described in our previous paper [17] . On the side of the unsteady conditions, a 34 mm diameter copper sphere with a smooth heating surface was used in the experiment runs. A non-contact high-frequency induction heating station was used to heat the test sphere with a copper helical coil to appropriate work at frequencies between 50 -100 KHz. The induction coil of inner diameter 55 mm was made from 8mm O. D. copper tubing. The coil had 2 turns and the connection of the coil to the induction circuit was made with two 200mm lengths of copper tubing spaced 50mm apart. The induction coil was positioned directly around the test sphere being heated. Sphere after heating in the high-frequency induction heating station was exposed to air as well as air/water droplet flow. In this study, the oxidation influence could be ignored due to the slight effect on the surface thermal conductivity. The initial temperature of the test object was T si = 100, 200, and 300 °C. The temperature of the sphere and cooling fluid were measured with two calibrated, fast response K-type thermocouples were implanted inside the sphere. The surface, ambient, cooling fluid temperatures and cooling downtime were recorded constantly. All thermocouples are connected to the data acquisition system that consists of an analog signal input type OWEN MV110-8A with MSD200 data logger. The water mist system was a 1.7 MHz ultrasonic mist generator has the same structure as the one used in ref. [16] . This type of mist generator was chosen due to the low power consumption and quiet operation comparing with other mist and evaporative generators. To perform this study, the following procedure was generally followed: firstly the test object is heated by the induction heat station. The induction station was switched on and the input power was adjusted to achieve the required temperature. When the surface temperature was achieved, the induction station was switched off and the test object was exposed to air as well as air /water mist two-phase flows. The temperature of the test object by means of a digital data logger with 10-second intervals is measured respectively. All experiments were performed several times to reduce an error for each temperature cases. The deviation was varied from 2% to 8%.
Error analysis and uncertainty
In the steady and unsteady heat transfer experiments, the air velocity, temperature, and water mass flow rate were measured using appropriate instruments. The reliability of experimental data has been presented by uncertainty calculations as discussed in [18, 19] . The uncertainties of nondimensional parameters (Nu, Re) and measurement were evaluated and given in tab. 1. 
Results and discussion

Confirmatory test of the sphere for a single phaseair coolant
In the following section, the experimental results of the single-phase air cooling under steadystate conditions are reported to confirm the reliability of the experimental facility. The heat transfer characteristics in the terms of Nusselt number with Reynolds number are validated as shown graphically in Fig. 2 . The average Nusselt number obtained from the present work are compared with the correlations of Achenbach [20] , Romkes [21] and Whitaker [22] . The comparison exhibits the present results are in good agreement with those from the empirical correlations. This demonstrates that the process applied and experimental facility in the present work is reliable. With the help of the experimental data, the following empirical correlation was derived: Reynolds number 1.91
Steady-state heat transfer characteristics
The results of the average surface temperature and heat transfer coefficient for a single-phase airflow and range of water mist rate are shown in figs. 3 and 4. It can be seen that in fig 4, the average surface temperature in single-phase airflow tends to decrease gradually by increasing the Re number. When the heated sphere exposed to air/water mist two-phase flow, the effect of water mist evaporation appears and can be noticed that the surface temperature decreases as water mist rate increases for constant heat flux. It is worth noting that, when the surface temperature is high (Ts≤280°C), the water mist may be evaporated completely before reaching at the heated surface due to the force of evaporation, resulting to significantly reduce the sensible heat of the airflow and formation an airvapor medium near the sphere surface and inside the thermal boundary layer. On the other hand, at a low surface temperature (Ts≤60°C), most of the heated surface becomes available for wetting and form a liquid film. The results obtained from the related experimental work revealed that the presence of water mist leads to a significant decrease in surface temperature by about 6.7%, 25%, 45%, and 51% compared with air -cooling under different water mist rates. Fig. 4 depicts the experimental results for the average heat transfer coefficient as a function of the Re number for a range of water mist rate. The average heat transfer coefficient of air/water mist flow are respectively 1%, 19.7%, 90.2%, and 134% higher than those in the single-phase for a range of water mist rate (j = 23.39 -111.68 kg/m 2 ·hr). for Reynolds numbers varied from 30000 to 55000, the average heat transfer coefficient significantly increases under range of water mist rate (j = 88.31 -111.68 kg/m 2 ·hr) and it can be explained as follows: with increasing j, the surface wetting increases and approximately reaches 30% by formation of liquid film that ultimately enhances the heat transfer rate due to the release of evaporative latent heat. For the case of the Re numbers varied from 17500 to 30000, the tendency of heat transfer increase is different from that of the high Re numbers. However, the water mist reaching to the heated surface, but evaporates immediately in the heated surface without liquid films formed. As the surface temperature increases (Re≤17500), the heat-transfer coefficient decreases due to water mist vaporization without wetting the heated surface. An empirical correlation for heat transfer rate in the terms of Nusselt number was developed in the present work, in which the dimensionless Reynolds number (Re), Weber number (We) and the parameter of the water phase 
Unsteady-state heat transfer characteristics
Herein, the unsteady surface temperature acquired by implanted thermocouples at the sphere center was used as reference data to estimate the surface temperature profile during air/water mist cooling process. Air/water mist cooling was performed with an initial surface temperature Tsi = 100, 200, and 300 °C and range of Re numbers. Fig. 5 depicts the temperature profile (quench curve) with the initial temperature equal to 300°С for a varied range of air/water mist rate. Two distinctive regimes of heat transfer can be observed in fig 5. At the starting of the cooling process, the temperature drops by around 5 °C connected to the loss of heat due to the free convection and radiation which occurs during the air/water mist system adjustment to achieve the required water mist before the cooling process starts. Next, heat loss occurs due to air/water mist cooling. The cooling time from 300 to 24 °C is found to be 709 s, 356 s, 266 s, and 248 s for air cooling and a varied range of air/water mist rate. The cooling time for j=46.79, 88.31, and 111.68 kgm -2 hr -1 is found to be 49.78, 62.4, and 65 times less compared to the cooling time with j=0 for cooling the sphere from 300 to 24 °C under constant Reynolds number (Re=55000). Also, the variation of temperature profile with cooling time under different Reynolds numbers are reported and analyzed as shown in fig. 6 . In each figure, the presented surface temperatures are the values connected to the corresponding Re number under constant water mist rate. It can be seen that, as Re numbers increases, the surface cooling time decreases under constant water mist rate. It is noticed that surface temperature is a strong function of water mist rate and Re numbers where Ts decreases with increases in water mist rate and Re numbers. For j=88.31 kgm -2 hr -1 , the cooling time of Re=55000, Re=40000, Re=25000, decreased by 167%, 126% and 122%, respectively, from corresponding cooling time by j=0. In the present study, high Reynolds number means high main flow velocity which drives more and more water mist to reach the heated surface and absorbs a large amount of energy in the form of latent heat during the evaporation process. Based on the sphere surface temperature and the direct observation method through a glass transparent channel with the help of a video camera, it can be classified the cooling curve into three different stages such as I-dry region, II-dry-out region, and III-wet region. In the region -I, when the surface temperature is high, the water mist comes in non-contact with the heated surface and the water mist completely evaporates near the sphere surface and inside the thermal boundary layer. Region-II occurs when the water mist comes in contact with the heated surface and water mist immediately evaporates.
In this stage, the liquid film does not form on the heated surface due to the high surface temperature and high velocity of air that sweeps away the partly evaporated water mist before they get accumulated on the heated surface. Region-III occurs after the surface wetting phenomenon, due to the lower surface temperature. Fig. 7 depicts the experimental results for the average heat transfer coefficient as a function of cooling time for a range of Re number under constant water mist rate. For all cases, the heat transfer coefficient was increased with increasing of water mist rate. Also, it can be seen that the heat transfer coefficient was increased with increasing of Re number due to the increase of turbulent intensity, resulting in more efficient destruction of the thermal boundary layer. The heat transfer mechanism due to water mist impingement on the heated surface can be classified into three important physical regimes. Regime-I can be specified as a clear convection regime, corresponds to the dry region (region I). Regimes-II and III, can be identified as convection and evaporation regimes, corresponds to the dry-out and wet regions (region II and III). It is noticed that the highest value of heat transfer coefficient is obtained by supplying the higher value of water mist rate. The maximum heat transfer coefficient is at the wet region (regimes-III) and decreases as surface temperature increases. The heat transfer coefficient is found to be 228, and 179.4 times higher compared to the heat transfer coefficient with Re=25000 for j=111.68 kg/m 2 ·hr at τ =200 s.
Validation of the LCM model proposed
The unsteady heat transfer was carried out for a varied range of water mist rate and different values of Bi numbers using LCM solutions for the surface temperature of the sphere (for the chosen Re numbers) as conditions. Results of heat transfer coefficient measured by steady-state conditions are compared with the results obtained by LCM in terms of corresponding surface temperature of the sphere. The heat transfer coefficient of the LCM is obtained by solving the corresponding equation, i.e., Eq. (2) for Ts=300-24°C. The comparison between the steady and unsteady heat transfer characteristics is shown graphically in fig. 8 . In this figure, results reasonably agree well within ±7.3%. 
Conclusion
An experimental investigation was performed to predict the thermal behavior of a sphere cooling process with steady and unsteady-state heat transfer conditions. The lumped capacitance model (LCM) was adopted with an aim to investigate the average heat transfer coefficient (Nu) of the sphere cooling by using air as well as air/water mist two-phase flow. The effect of the different factors such as the inlet Re numbers, surface temperature and water mist rate on heat transfer characteristics are examined. From the obtained results, an extremely effect of water mist is observed on the heat transfer characteristics. The average heat transfer coefficient of air/water mist flow are respectively 1%, 19.7%, 90.2% and 134% higher than those in the single-phase air cooling for a range of water mist rate (j = 23.39 ~ 111.68 kg m -2 hr -1 ). The heat transfer mechanism due to water mist impingement on the sphere surface was analyzed and classified into three important physical regimes. Regime-I specified as a clear convection regime, corresponds to the dry region. Regimes-II and III, can be identified as convection and evaporation regimes, corresponds to the dry-out and wet regions. Moreover, the new proposed empirical correlation for the Nusselt number based on the present experimental data are given for practical uses. The agreement between the results obtained from the experimental data and those obtained from the proposed correlation is reasonable. 
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